This Article provides new predictions for selectivity in batch reactive distillation, identifying the reflux or reboil ratio and a Damköhler number (Da) as the key operating parameters. The dimensionless Da incorporates the influence of liquid holdup, vapor rate, and rate of reaction. Example results for a system of serial isomerization reactions and for the synthesis of ethylene glycol are provided. The results show that selectivity improvements in BRD are limited for high values of Da or for high values of the reflux or reboil ratio and that selectivity is enhanced as Da or reflux or reboil ratio is decreased. However, decreasing Da can cause conversion loss, which can be mitigated by increasing the reflux (or reboil) ratio at the expense of selectivity. Consequently, there is an optimum value of reflux or reboil ratio that gives a maximum yield for systems operated at low or moderate Da. For the isomerization in a BRD, the heat released by reaction can improve selectivity at the expense of conversion. For ethylene glycol synthesis at a low reboil ratio, BRD has a negative impact on both conversion and selectivity by causing separation of the reactants. We also show that decreasing the reboil ratio near the end of the BRD can increase the removal rate of EG and thereby improve selectivity. This operating strategy is different from a common operating strategy in distillation of increasing reboil ratio near the end of a batch or cut. We also find that an operation with a constant volumetric liquid flow rate provides lower selectivity than a constant molar liquid flow rate.
Introduction
Batch processes have been widely used for the production of specialty, life science, and consumer chemicals, that is, lowvolume, short-term production of high-margin products. By integrating the batch process with reactive distillation, the flexibility of batch process and advantages of reactive distillation may be combined in batch reactive distillation (BRD). One of these advantages can be in selectivity improvement, which can lower raw material consumption and waste production.
For example, Talwalkar et al. 1 studied the dimerization of C 4 olefins and showed that BRD can significantly improve selectivity to C 8 dimers, eliminating the need to use additional polar components as selectivity enhancers. Thotla et al. 2 reported experimental and simulation results for BRD in the aldol condensation of acetone. They demonstrated remarkable selectivity improvement over a batch reactor: at a conversion of 40%, BRD achieved a 60% selectivity as compared to 2% selectivity to diacetone alcohol in a conventional batch reactor.
However, as shown by Mahajan et al., 3 BRD does not always improve selectivity. They studied the self-condensation of cyclohexanone and showed that the byproduct water, which also acts as a selectivity enhancer, is removed by BRD, causing the side reaction to be more significant than in a conventional batch reactor.
BRD is also used for catalyst screening to develop reactive distillation processes. Lange and Otten 4, 5 utilized BRD, to identify promising catalysts for the dehydration of phenyl ethanol to styrene under reactive distillation conditions, where selectivity can be a crucial issue. Medium-pore zeolites were found to be very active and selective in BRD, and the formation of heavy byproducts was found inside the zeolite pores, prior to styrene desorption. Chiu et al. 6 used BRD in semibatch mode to screen catalysts for the dehydration of glycerol to acetol and found that high acetol selectivity can be achieved under mild conditions using a copper-chromite catalyst.
Agarwal et al. 7 investigated some single-reactant, nonazeotropic systems using an attainable region approach and gave some guidelines on BRD design, for example, reaction location and number of reactive stages. Agarwal et al. 8 extended this approach to the hypothetical single-reactant systems with one binary azeotrope. Some design guidelines based on residue curve map structure to improve selectivity by choosing column configuration were provided.
Operating parameters play an important role in selectivity of BRD, as shown by Bollyn and Wright 9 in their case study of scaling up a laboratory BRD process for the synthesis of ethyl ester of pentenoic acid, where selectivity was increased from 49% to 83% by decreasing the reflux ratio from 8 to 1. For the methyl acetate/dimethyl ether system, Venimadhavan 10 predicted the maximum yield, as well as the corresponding selectivity and conversion as a function of the normalized Damköhler number, and showed the trade-off between selectivity and maximum yield by choosing different values of the Damköhler number. Gadewar et al.
11 described a simplified method to estimate the potential selectivity advantage of BRD over a conventional reactor. That method can also determine the effect of operating parameters on yield and selectivity. For an idealized case of serial reactions, they showed that the selectivity advantage in BRD is more significant for systems with fast side reactions. Often these BRD studies are done under a simplified operation condition, for example, assuming the specified product composition is always achievable, or operating in a simple reactive distillation 12 without reflux, which provides limited information on the operating parameters.
This Article investigates the effects of BRD operating parameters on selectivity for more realistic operating conditions. Understanding these effects allows us to identify and exploit trade-offs in BRD and to avoid unfavorable impacts on selectivity caused by inappropriate operations. In this Article, we consider systems with ideal VLE and simple reaction kinetics. By wiping away complexities in VLE and reaction kinetics, we can better understand the common picture clouded behind specific cases. Figure 1 shows the schematics of two BRD systems: (a) is a batch reactor-rectifier, in which reactions occur in a reboiler/ reactor and products are collected as distillates from a rectifying section; and (b) is a batch reactor-stripper, where reactions occur in condenser/reactor, and products are withdrawn as bottoms from a stripping section.
Model Development for BRD
The following assumptions are made in the model development: (a) Reactions take place only in the liquid phase of the reaction vessel, that is, in the reboiler for the batch reactorrectifier, or the condenser for the batch reactor-stripper. For example, the catalyst is present only in the reboiler or condenser, respectively.
(b) A total condenser produces a saturated liquid overhead.
(c) As compared to the liquid holdup in the reaction vessel, the liquid holdups on the stages and in the condenser (for the batch reactor-rectifier) or in the reboiler (for the batch reactorstripper) are negligible.
(d) Vapor and liquid molar flow rates are constant from stageto-stage (constant molar overflows (CMO)) at any given time. However, they do vary with time; that is, they are in a quasisteady state.
(e) A constant reflux ratio for the batch reactor-rectifier and a constant reboil ratio for the batch reactor-stripper are used.
A mass balance model for the batch reactor-rectifier is developed as follows.
i. Reboiler/Reactor.
where H r is the molar liquid holdup at time t, L is the liquid flow rate, V is the vapor flow rate, ν k,T is the sum of the stoichiometric coefficients in reaction where c represents the condenser, and D is the distillate flow rate, given by where r is the reflux ratio. iv. Receiver.
where the subscript recv represents the receiver. It is useful to introduce a Damköhler number (Da), which represents the ratio of a characteristic process time to reaction time:
where k main,ref is the reaction rate constant of the main reaction at a reference temperature.
By using a dimensionless time defined as dH r dt
Da ) H r /V 1/k main,ref (10) together with eqs 7 and 10, eqs 1 and 2 can be rewritten as in which κ is a dimensionless reaction rate, defined by
On the right-hand side of eqs 12 and 13, the last term represents the impact of the reaction, while the first term in eq 12 and the first two terms in eq 13 represent the impact of distillation. The impact of distillation weakens with increasing Da. In fact, for large Da, the distillation term(s) are negligible as compared to the reaction term, and distillation has little impact on the holdup and concentration profiles of the reaction vessel. In the limiting case of Daf∞, eqs 12 and 13 can be rewritten as which have the same forms as a conventional batch reactor.
For another limiting case, rf∞, eq 12 again can be simplified to eq 15, while eq 13 can be simplified to If the stages are in a quasi steady-state (QSS), we have Equation 13 can be further simplified as which also has the same form as a conventional batch reactor.
The mass balance for a batch reactor-stripper can be developed in a similar manner. ii. Stages.
where the subscript j is the stage number (increasing from top to bottom), stage 0 represents the reaction vessel (condenser), and stage N + 1 represents the reboiler.
iii. Reboiler.
where subscript rb represents the reboiler, and B is the bottom flow rate, given by where s is the reboil ratio. iv. Receiver.
As in the batch reactor-rectifier model, we introduce a Damkohler number as
With eqs 11, 26, and 29, we can rewrite eqs 20 and 21 as As might be expected, this model is structurally similar to the batch reactor-rectifier model. The impact of distillation also weakens with increasing Da and for large Da distillation has little impact on holdup and concentration profiles of the reaction
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vessel. For the limiting cases Daf∞, or sf∞ (with a QSS assumption for stages), eqs 30 and 31 can be simplified to which also have forms identical to those of a conventional batch reactor.
Note that in addition to the explicit impacts from distillation terms in eqs 12 and 13, and eqs 30 and 31, distillation also has an implicit impact on the reaction terms. This is because integrating distillation with reaction restricts the operating temperature to lie on the boiling surface of the mixture at the given pressure. Consequently, for a liquid phase reaction, the operating temperature of a BRD is higher than a conventional batch reactor at the same pressure and cannot be constant. The variation of temperature and its impact depends on the phase equilibrium characteristics of the mixture, and on the temperature dependence of the reaction equilibria and the rate constants.
Example I: A Simple Case of Serial Reactions
Consider a liquid-phase reaction system in an ideal solution, where A (boiling point 100°C) is the reactant, B (65°C) is the desired product, and C (80°C) is an undesired byproduct. The VLE is described with Raoult's law. The reaction rates are and We assume that k 1 and k 2 have the same pre-exponential factor and temperature dependence (a more realistic case is considered in the next example).
Because A has the highest boiling point and B the lowest, we use a batch reactor-rectifier, Figure 1a . The reboiler serves as the reactor, while products are collected in a receiver from the distillate.
For this case, the conversion, selectivity, and yield are defined as Using eqs 35 and 36, we can rewrite eq 12 as and eq 13 as where The reference temperature for this system is chosen as 82.5°C, the average of the highest and the lowest boiling points. We assume that the reactions are catalyzed and that the rate constants are proportional to the catalyst concentration W as where M cat is the number of moles of catalyst in the reaction vessel. The holdup of the reaction vessel H r decreases as a function of time, but the amount of catalyst is unchanged provided that the catalyst is nonvolatile and that there is no deactivation of the catalyst on the time scale of the process. From eqs 44 and 45 we have
In this example, eq 46 together with a constant vapor rate V gives us a constant Da value. Figure 2 shows that for a large Da, for example, 10 or higher, the BRD performs essentially the same as a conventional batch reactor with respect to selectivity and conversion. As shown in dH r dτ
A 98 
the inset, a high purity product cut can be obtained by adjusting the reflux ratio, but the BRD provides little or no improvement of selectivity. For low to moderate Da values, Figure 3 shows that BRD can substantially improve selectivity over a conventional batch reactor. For the same reflux ratio, BRD with low Da provides more significant improvement than BRD with high Da. However, as the product B is removed, it is also possible to lose reactant A from the top. Low Da exacerbates the loss of reactant A, because distillation dominates the competition between reaction and distillation at low Da. In Figure 4 , as compared to moderate Da, low Da (Da ) 0.1) leads to a dry reactor at less than complete conversion, which results in a lower conversion. Figure 4 shows that loss of conversion can be mitigated by increasing the reflux ratio. However, for a large reflux ratio (as expected from the limiting cases described above in the section on model development), the selectivity in BRD approaches that of a conventional batch reactor. Figure 5 shows some limits for conversion and the coupling between reflux ratio and Da. The upper edge of the square represents total reflux operation, where complete conversion of reactant A is always achievable regardless of the Da value. For high values of Da, on the right-hand side, the reaction dominates the competition between reaction and distillation, and complete conversion can be achieved at a low reflux ratio (r). However, for high values of Da, the selectivity improvement is quite limited. For low values of Da, distillation dominates, and complete conversion requires a high reflux ratio. As shown in Figure 3 , a high reflux ratio (r) will decrease the selectivity improvement.
For processes without recycle, yield is often a more important issue than selectivity. As shown in Figure 6 , there is little or no yield improvement in BRD for low conversions. However, at intermediate or high conversions, BRD provides a very significant improvement in the maximum yield over a conventional batch reactor. As shown in Figure 7 , the most significant improvement in the maximum yield occurs at lower values of Da. For an extremely large reflux ratio (the right edge), regardless of Da value, there is very limited improvement in the maximum yield for BRD. If both Da and reflux ratio are low, the maximum yield in BRD is actually lower than a conventional batch reactor. The reflux ratio has a greater impact on the maximum yield for BRD with lower Da values. Thus, for BRD with low to moderate Da values, there is an optimum reflux ratio that corresponds to the maximum yield (see Figure  7) .
The vapor rate is an important factor in determining Da. So far, as we discuss Da, we have assumed a constant vapor flow rate (V) in this example. Next, we will consider an operation strategy with a constant external heating rate (Q), taking into account the heat of reaction (-∆H R ). We assume that the heat of vaporization (λ) of this ternary mixture is approximately constant. We also assume that, as compared to the main reaction, the -∆H R of the side reaction is negligible. The total heat applied in the system is The vapor flow rate (V) can be written as On the right side of eq 48, the first term represents the vapor flow caused by the external heat input (Q), and the second term represents the vapor flow caused by the heat released by reaction.
With eq 48, Da can be written as Also, it is useful to introduce Da Q which has a physical meaning of the portion of Damköhler number (Da) resulting from external heat input (Q). With eq 50, eq 49 can be rewritten as where -∆H R /λ is the "heat utilization factor". shows that if the heat released by reaction is significantly larger than the external heat input, the vapor flow is mostly generated by the reaction, which has a great impact on the Da, so that in the limit, the Da value is approximately independent of Da Q . In contrast, eq 53 shows that if the external heat input is significantly larger than the heat released by reaction, the vapor flow caused by the heat of reaction is negligible, so that heat of reaction has little impact on the Da value and is approximately Da Q . In Figure 8 , at low Da Q () 0.1) and a low heat utilization factor, the heat released by reaction is negligible as compared to the external heat input. As the heat utilization factor increases, the heat of reaction becomes more significant. For a high heat utilization factor, the heat released by reaction is greater than the external heat input.
In Figure 9 (Da Q ) 0.1), for the case of (-∆H R )/λ ) 0, we have Da ) Da Q ) 1, which means that without the reaction heat, a constant heating rate results in a constant vapor rate. The plot for (-∆H R )/λ ) 0 is indistinguishable from the plot for Da ) 0.1, r ) 5 in Figure 3 . For the case of (-∆H R )/λ ) 0.1 (the plot is not shown because it is overlapping with the plot of (-∆H R )/λ ) 0), we have Da ≈ Da Q ) 0.1, which implies that the vapor flow is mostly generated by external heat input, and the heat of reaction has little impact on selectivity. As (-∆H R )/λ increases, the vapor flow generated by the heat of reaction increases, and the impact of the heat of reaction increases. Although Da Q stays at a value of 0.1, the value of Da decreases with the increased (-∆H R )/λ. Therefore, as (-∆H R )/λ increases, BRD with a constant external heat input shows improvement on selectivity at expense of conversion, which is consistent with the results shown for Da decreasing.
The simulation results show that the same conclusion also can be drawn for the moderate values of Da Q (Figure 10b , Da Q ) 1) and high values of Da Q (Figure 10c , Da Q ) 10). That is, 
as (-∆H R )/λ increases, the value of Da decreases. Consequently, for BRD with a constant heating rate, as (-∆H R )/λ increases, the selectivity improves at the expense of conversion. As compared to the low values of Da Q (Figure 10a , Da Q ) 0.1), (-∆H R )/λ has more significant impact for moderate or large values of Da Q .
Example II: Ethylene Glycol
The production of ethylene glycol (EG) from ethylene oxide (EO) and water (W) is a nonequimolar, irreversible reaction and can be represented as
The reaction rate can be described by This reaction rate at pH ) 10 is adapted from Okasinski and Doherty 14 and considers the mixture to be an ideal solution. One representative side reaction is the formation of diethylene glycol (DEG) This reaction has the same activation energy 15 as the main reaction and a rate given by Chen et al. 16 The vapor liquid equilibrium 17, 18 is modeled by Raoult's Law ( Table 1) .
Because the desired product (EG) has a higher boiling point than both reactants, we choose a batch reactor-stripper, Figure  1b ; this is to contain EO while recovering EG. The reflux drum acts as the condenser as well as the reactor, while the products are withdrawn from the reboiler.
The conversion, selectivity, and yield are defined as Equation 30 can be rewritten as and eq 31 as Figure 9 . Impact of the heat utilization factor on selectivity for a system of reactions in series AfBfC under a constant heating operation with r ) 5, at low Da Q . For all three cases, the reboiler/reactor dries up before achieving a full conversion of A. Figure 10 . Impact of heat utilization factor on selectivity for a system of reactions in series AfBfC under a constant heating operation with r ) 5, at different values of Da Q . The plots of (-∆H R )/λ ) 0.1 are not shown in subplots (a) and (b), because they are overlapping with the plots of (-∆H R )/λ ) 0; subplot (a) is a rescaling of Figure 9 . The end points of the curves correspond to a dry reboiler/reactor.
The reference temperature for this system is set as 55.4°C, which is the average of the boiling points of the two reactants.
Because the difference of boiling points of two reactants is large, low Da may provide a condition where separation of two reactants is significant. Consequently, low Da will either cause very low conversion or require a very large reboil ratio in BRD. For large Da, BRD performs like a conventional batch reactor in agreement with the limiting case discussed earlier in the model development. Next, we focus on BRD with moderate Da.
In example I, we considered a constant vapor rate V. The analogous choice in the current example is a constant liquid rate L, which, together with eq 46, gives a constant instantaneous Da value.
In Figure 11 , at a relatively low reboil ratio, s ) 2, BRD shows a lower selectivity to EG, as well as a lower conversion of EO than a conventional batch reactor. As we increase the reboil ratio (s ) 30), both selectivity and conversion are improved significantly. However, as we further increase the reboil ratio (s ) 50), the selectivity performance of BRD approaches a conventional batch reactor. Figure 12 shows that the decrease of selectivity at low reboil ratio occurs because distillation causes the separation of two reactants, which leads to low conversion of EO. In this low conversion region, because the composition of EG is very low, distillation does not impact the composition of EG significantly. However, as the composition of water in the reactor decreases and the composition of EO in the reactor increases, the main reaction is suppressed while the side reaction is exacerbated, which leads to a lower selectivity than that of a conventional batch reactor (Figure 11 ). Figure 13 , for s ) 30, shows that if the two reactants, EO and water, are kept in the reactor, this leads to essentially complete conversion of EO. Distillation removes EG so the composition of EG in the reactor is low for most of the process (in the range of conversion less than 0.85), which leads to a higher selectivity than that of a conventional batch reactor (Figure 11) .
At a conversion of approximately 0.86, we decrease the reboil ratio from 30 to 25 during the operation, as shown in Figure  11 . This leads to a better selectivity over the remaining batch time. Figure 14 shows that as we decrease the reboil ratio, the composition of EG in the condenser/reactor decreases, which suppresses the side reaction; at the same time, the composition of water increases, which improves the main reaction. Unlike "squeezing the batch" 19 for nonreactive batch distillation near the end of operation, to improve selectivity to EG, we need to decrease the reboil ratio of BRD near the end of process.
In this example, we have so far assumed a constant liquid molar flow rate (L). It is easier in experiments to conduct BRD using a constant liquid volume flow (L v ) instead of a constant liquid molar flow (L). For a constant L v , we have where F is molar density of the reaction mixture, given by where x i is the liquid mole fraction of component i in reaction mixture, and F i is the molar density of component i. Also, Da can be written as 
In the ethylene glycol system, F decreases as reaction decreases the number of moles. Therefore, as we operate with a constant volume rate (L v ), the molar rate (L) is decreasing, which means that Da increases with time. In Figure 15 , with the same initial value of Da (Da 0 ) 1.5), there is little difference between the operation with a constant L v and the operation with a constant L in the low conversion region. However, as the conversion increases, operation with a constant L v shows a noticeably lower selectivity than the operation with a constant L. As shown in Figure 15 , with conversion increasing, the selectivity of the constant L v operation with Da 0 ) 1.5 approaches the selectivity of the constant L operation with higher initial value of Da (Da ) Da 0 ) 1.6).
Conclusions
We have described the impact of operation on selectivity in terms of two key dimensionless groups, the Damköhler number (Da) and the reflux/reboil ratio. The models and examples show that the selectivity improvement in BRD is limited for large Da or for large reflux/reboil ratios, where it approaches that of a conventional batch reactor.
For a series isomerization, the selectivity in BRD is enhanced as Da is decreased and the reflux ratio is held constant. Decreasing Da may cause conversion loss, which can be mitigated by increasing the reflux ratio at expense of selectivity. This leads to an optimum reflux ratio corresponding to maximum yield for BRD, which is found for low to moderate Da values. If both Da and reflux ratio are low, the maximum yield in BRD is worse than in a conventional batch reactor. In this example, we also showed that for an operation with a constant external heat input, as the heat of reaction increases, Da decreases. Consequently, the selectivity can be improved at the expense of conversion. The heat of reaction has more significant impacts for moderate or high values of Da Q than for low values Da Q .
For a two-reactant system in EG synthesis, at a low reboil ratio, BRD can have a negative impact on both selectivity and conversion by separating the two reactants. A common operating strategy in batch distillation without reaction is to increase the reboil ratio at the end of a batch. However, to improve selectivity in this BRD, we need to decrease the reboil ratio near the end of a batch to increase the removal rate of EG. For an operation with a constant liquid volume flow, selectivity is lower than a constant liquid molar flow operation with the same initial value of Da in moderate or high conversion region.
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